Mangrove species have developed uniquely efficient water-use strategies in order to survive in highly saline and anaerobic environments. Herein, we estimated the stand water use of two diffuse-porous mangrove species of the same age, Sonneratia apetala Buch. Ham and Sonneratia caseolaris (L.) Engl., growing in a similar intertidal environment. Specifically, to investigate the radial patterns of axial sap flow density (J s ) and understand the anatomical traits associated with them, we measured axial sap flow density in situ together with micromorphological observations. A significant decrease of J s was observed for both species. This result was accompanied by the corresponding observations of wood structure and blockages in xylem sapwood, which appeared to influence and, hence, explained the acute radial reductions of axial sap flow in the stems of both species. However, higher radial resistance in sapwood of S. caseolaris caused a steeper decline of J s radially when compared with S. apetala, thus explaining the latter's more efficient use of water. Without first considering acute reductions in J s into the sapwood from the outer bark, a total of 55% and 51% of water use would have been overestimated, corresponding to average discrepancies in stand water use of 5.6 mm day −1 for S. apetala trees and 2.5 mm day −1 for S. caseolaris trees. This suggests that measuring radial pattern of J s is a critical factor in determining whole-tree or stand water use.
Introduction
Water-use efficiency (WUE) is defined as the ratio of plant photosynthetic production rate to its transpiration rate, and this metric has long been of interest to scientists for linking carbon and water cycles in vegetated ecosystems. Plant transpiration not only influences the WUE of ecosystems, but it also affects regional energy balance and local climate (Bonan 2008 , Poyatos et al. 2016 . In vascular plants, water transport inside stems occurs in xylem tissue and is driven by the tension created by leaf surface evaporation (Sperry 2003) . Historically, transpiration has been measured by assessing leaf-level gas exchange in seedlings or canopies, but more recently by using various sap flow techniques developed since the 1990s. This technique can be used to determine total water use by measuring axial sap flow densities at several points along the radius of the stems and extrapolating them to whole-tree or stand water use (Cohen et al. 2012 , Berdanier et al. 2016 .
Axial sap flow density inside stems has resulted in various radial profiles reported in previous studies (e.g., Phillips et al. 1996 , Krauss et al. 2007 , Cohen et al. 2008 , Gebauer et al. 2008 . Based on patterns of axial sap flow density from outer sapwood, i.e., cambium or bark, to inner sapwood among all forest trees, Gartner and Meinzer (2005) classified radial profiles into five patterns: even, decreasing, sharply decreasing, peak and erratic. Among them, even flow denotes constant axial sap flow density at different radial depths. This has been documented in studies on Quercus alha and Liquidambar styraciflua trees (Phillips et al. 1996) . The decreasing pattern was reported in Cordia alliodora trees (James et al. 2002) , and it denotes a decrease in axial sap flow density with radial depth, whereas the sharply decreasing pattern is a still steeper departure from the decreasing patterns, such as that seen in Laurus azorica and Erica arborea trees (Jiménez et al. 2000) . The peaked pattern, such as that demonstrated in Fagus silvatica trees (Lüttschwager and Remus 2007) , denotes axial sap flow density increases within 1-3 cm of the cambium and then decreasing with subsequent depths into the sapwood. The erratic pattern showed that axial sap flow density went up and down erratically across the radius, such as in Picea abies trees (Fiora and Cescatti 2008) . Accordingly, investigation of radial variations of axial sap flow density over the stem cross-section is a key process in water-use research (Clearwater et al. 1999 ,Čermák et al. 2004 , Cohen et al. 2012 . Indeed, recent modeling also suggested that the radial profile of axial sap flow density basically declined with increasing stem depth in non-porous conifers, as well as diffuse-porous and ring-porous temperate trees (Berdanier et al. 2016) . Thus, ignoring the radial profile of axial sap flow density and assuming uniform axial flow density across the entire sapwood cross-section can introduce large errors when estimating water use (Edwards and Booker 1984 , Hatton et al. 1995 , Lu et al. 2000 .
As a special type of tropical forest growing in highly saline and tidal flooded coastal areas, mangroves have fascinated physiologists with their high rates of carbon assimilation, despite coping with severe water deficient in saline conditions (Lugo and Snedaker 1974 , Ball 1988 , Lin and Sternberg 1992 . Mangroves are among the most water-use efficient of all C 3 plants during photosynthesis (Ball 1988) . Using sap flow techniques, water-use characteristics in some mangrove species have already been measured, further proving their conservative water-use (Krauss et al. 2007 , Hao et al. 2009 , Muller et al. 2009 , Vandegehuchte et al. 2014 , Yan et al. 2016 ). However, restricted by field conditions and experimental settings, only a few studies have thus far integrated mangrove sap flow density by considering radial profiles of axial sap flow density (Muller et al. 2009 , Krauss et al. 2015 . Consequently, our knowledge of these patterns and their related anatomical traits in mangrove stems is still limited.
For terrestrial trees, the anatomical basis of radial profiles of axial sap flow density was only discovered in the last few decades. Studies showed that radial variations in axial sap flow density could be caused by differences in wood structure and/or blockages in vessels or tracheids (Gartner and Meinzer 2005) . In ring-porous and non-porous trees, the differences between cell length and diameter of earlywood and latewood, owing to meteorological factors, lead to variation in water transport. For example, in Pinus spp., Guyot et al. (2015) and Dye et al. (1991) found that different wood structures between earlywood and latewood lead to variation in axial sap flow density. Diffuse-porous trees have weaker variation across the growth rings, and bark-to-pith wood properties are generally constant. James et al. (2003) found that radial profiles of axial sap flow density of three diffuse-porous species, including Anacardium excelsum, Schefflera morototoni and C. alliodora, were strongly correlated with specific hydraulic conductivity (k s ) calculated by using the observed vessel diameter and their density. Similarly, reduction in vessel diameter contributed to radial decrease in axial sap flow density in Quercus glauca trees (Tateishi et al. 2008) . Nevertheless, axial sap flow density was not well correlated with specific conductivity in Olea europaea trees (López-Bernal et al. 2010 ). In addition to wood structure, blockages in water conducting cells by extractives and/or air (emboli) can slow down water transport. In Quercus trees, a greater percentage of vessels were blocked by tyloses, i.e., nonstructural compounds present in wood, also known as extractives, from outer to inner sapwood, leading to an attenuation of axial sap flow density (Cochard and Tyree 1990) . In Picea engelmannii and Pinus contorta trees, more pits were dysfunctional in the outer compared with inner sapwood (Mark and Crews 1973) . Since leaves are supplied with water from xylem connective tissue, Gartner and Meinzer (2005) assumed that water flow would not necessarily occur deep in the sapwood if the sapwood has high radial resistance to lateral water flow. In such conditions, pits were proved to permit free passage of lateral water transport between vessels in woody plants (Dixon 1914 , Pfautsch 2016 . Any blockages (extractives and/or vestures) accumulating in pits would increase radial resistance. However, we still need anatomical evidence to support this assumption. Thus, since several anatomical factors can influence radial profiles of axial sap flow density, both relative structural characteristics of vessels/tracheids and blockages should be considered at the same time (see Figure S1 available as Supplementary Data at Tree Physiology Online).
It is critical to combine in situ investigation of radial patterns in xylem axial sap flow density and sapwood anatomical properties at the same locations and in the same individuals for better understanding of the structural basis of water use (James et al. 2003, Gartner and Meinzer 2005) . Still, such observations remain rare in mangroves because of severe field conditions, even though their particular water-use regimes are of wide interest (e.g., Muller et al. 2009 , Krauss et al. 2015 . The Sonneratia genus consists entirely of mangrove trees, usually 15-20 m in height. They were proved to have diffuse-porous wood structure and higher WUE compared with other mangrove species based on leaf gas exchenge evidence in our previous studies (Deng et al. 2000 , Chen et al. 2008 . However, our understanding of their stand water use in the context of anatomical traits has been lacking because of the strict field conditions. Hence, in the present study, we combined in situ axial sap flow density measurements with micromorphological observations of xylem characteristics, aiming to (i) investigate radial patterns of axial sap flow density in two Sonneratia mangrove species, (ii) determine anatomical traits associated with radial sap flow reductions and Tree Physiology Volume 38, 2018 (iii) evaluate stand water use through integration of radial profiles of axial sap flow of these stands. Results were expected to provide better understanding of the properties driving tree growth and thus lay a foundation for predicting the capacity of mangrove forest water use in severe conditions that we are more likely to see intensified in future global environmental changes.
Materials and methods

Study site
This study was conducted in two adjacent monocultured artificial mangrove forests representative of the Sonneratia genus, S. apetala Buch. Ham and S. caseolaris (L.) Engl., in the Futian Mangrove Nature Reserve (22°31′N, 114°05′E) located in an estuary of the Zhujiang River in Shenzhen City, Guangdong Province, China. The mean air temperature and the annual precipitation at the site are 22°C and 1927 mm, respectively, with a rainy season between May and September. Tides are irregular semidiurnal with the tidal range of~1.9 m.
The sediment in this area was primarily composed of silt and sand (16.2% sand, 82.3% silt and 1.44% clay on average) with a depth of 50-70 cm and high levels of organic material (Chen et al. 2012) . The average salinity of seawater was 20 PSU.
Forest structure
The two species of Sonneratia mangrove trees, S. apetala and S. caseolaris, were planted in the Futian Mangrove Nature Reserve in 1993 for the purpose of mangrove afforestation. After 2000, these two monocultured plots formed mature forests with dense canopy. We carried out a forest structure investigation in November 2015. Three contiguous sample plots (10 m × 10 m) with similar elevation in the intertidal zones of each species were the setting. All trees in the plots were identified and tagged, and the height and DBH (diameter at 1.30 m from ground level) of each were measured. The DBH of each tree was used to calculate the basal stem area per hectare (BA). Leaf area index of both forests was investigated using a plant canopy analyzer (LAI-2000, Licor, Inc., Lincoln, NE, USA). Detailed information of forest structure is presented in Table 1 .
Sap flow measurements
Commercially available heat dissipation probes (TDP30 and TDP100, DYNAMAX, Inc., Houston, TX, USA) were used to monitor axial sap flow density (J s ) and compile radial profiles.
Every six trees constructed with TDP30 were monitored for J s at the depth of 15 mm below the cambium in stems at~1.5 m in height from September 2015 to August 2016 throughout the whole experimental process for both species. Radial sap flow variation in five individual S. apetala trees was determined in March and April of 2016 by using TDP100 to evaluate sap flow at three radial depths: 15, 50 and 90 mm, respectively. Another TDP100 set was installed, but not fully inserted, to the stem, leaving 20 mm of the probe circumferentially outside the tree to evaluate sap flow at depths of 30 mm and 70 mm. Because of chilling damage in January 2016, S. caseolaris suffered from severe defoliation and consequently a reduction in water uptake (unpublished data). Therefore, we were unable to investigate the radial profile of J s at five depths in S. caseolaris in April 2016. Under these circumstances, we analyzed data collected between September and December 2015 when we investigated J s at three depths of three individual trees for both species. Even though investigations of radial profiles were conducted in different months, almost no change in the radial profiles of S. apetala was observed between these two investigations (see Figure S2 available as Supplementary Data at Tree Physiology Online). Diameter at breast height and measurement information of each tree selected for sap flow measurements is summarized in Table 2 . Each individual tree was treated as a replicate of each species.
Thermal dissipation probes were initially designed by Granier (1985) . Each sensor consists of two needles with thermocouples and heater. The upper needle is heated, while the lower one represents the unheated sapwood temperature. Temperature difference between the two needles is converted to J s . Data were recorded every 15 s, averaged every 15 min and recorded in data loggers (CR1000, Campbell Scientific Inc., Logan, UT, USA), providing 96 measurements each sensor daily. Water use was computed by multiplying J s by the corresponding sapwood area (SA). Tree water use (TWU) is the sum of water use at every wood depth according to the following formula (Krauss et al. 2015) :
where 1 is the first depth, i is the radial depth into the sapwood, J s 1 is the sap flow at the first depth, SA i is the cross-sectional S. apetala 24 13.0 ± 0.3 23.3 ± 0.8 70.3 ± 6.5 1.5 ± 0.3 S. caseolaris 24 10.7 ± 0.2 16.9 ± 0.4 35.6 ± 2.9 1.5 ± 0.1 DBH: stem diameter at breast height (±1 SE). BA: basal stem area per hectare (±1 SE). LAI: leaf area index (±1 SE).
Tree Physiology Online at http://www.treephys.oxfordjournals.org individual tree sapwood area of the conductive tissue measured by the heating probe at the ith depth, and the function J s i /J s 1 is the attenuation of sap flow with radial depth into the tree relative to sap flow at the first depth. We used J s at 15, 50 and 90 mm depths to calculate TWU, which represented sap flow from outside to inside sapwood band. Sap flow at 0-32.5 mm sapwood band was represented by J s at 15 mm; sap flow at 32.5-70 mm sapwood band was represented by J s at 50 mm; and sap flow beyond 70 mm was represented by J s at 90 mm. The persecond-based TWU was extrapolated to daily values by the first summing to 15-min intervals, and then scaled over the day by summing up 96 quarter-hour based flows. Furthermore, stand water use (SWU) is determined as follows (Krauss et al. 2015) :
where i represents individual trees in the stand, 1 is the first tree, TWU is determined by Eq. (1), ρ is the density of water (ρ = 998 kg m ) and A is the ground area of the stand. We also calculated overestimated stand water use by ignoring radial variations of J s . In this calculation, J s at the first depth was used to represent J s for the whole sapwood area.
Meteorological measurements
Meteorological measurements were conducted with sensors throughout the period of this study. Air temperature and relative humidity (DMA672.1, Lsi Lastem, Milan, Italy), as well as photosynthetically active radiation (AV-19Q, AVALON, USA), were measured continuously in an open field adjoining the stands. Meteorological data were also recorded every 15 s, averaged every 15 min and recorded in data loggers (CR1000, Campbell Scientific Inc., Logan, Utah, USA). Meteorological data were used to monitor weather conditions at the study site. In the calculation of J s , we used data collected on sunny day to eliminate the influence of unusual meteorological factors.
Anatomical observations
In May 2016, at least two increment wood cores 5 mm in diameter were collected adjacent to probes from every individual tree for which radial pattern of sap flow was measured. One core of each tree was used to investigate wood structure characteristics. Segments 10 mm in length were taken from the cores precisely at the site corresponding to J s measurement. Each segment was cut into two pieces 5 mm in length, and data were combined. Transverse sections 20 μm thick were cut using a sliding microtome and stained with 0.1% safranin solution to make tissues clearly visible. Sections were photographed and recorded at 100× magnification in five representative regions with a digital camera (Eclipse80i, Nikon, Instruments Inc., Melville, NY, USA). Vessel diameter and vessel density were determined by using microscope imaging software (NIS-Elements D, Nikon). Theoretical specific conductivity (Tyree and Ewers 1991) of the wood was computed as follows:
where k s is the theoretical wood specific conductivity (kg m
, ρ is the density of water at 28°C, η is the viscosity of water (MPa s), d is the diameter of a single lumen (m) and A image is the area of the images. Another wood core of each tree was used to investigate blockages in vessels and pits. Segments 10 mm long were taken from the site where radial J s was measured, and then pieces 100 μm thick were cut from the tangential surface. After gradual alcohol dehydrating and critical point drying, the wood pieces were sputter-coated with gold and observed using a scanning electron microscope (SEM, JSM-6380LV, JEOL, Japan). Photographs were taken at both 60× and 3500× magnification in six to eight representative regions at every depth of every individual tree. At least 10 vessels or 15 pits were captured in each photograph. Based on abundance of blockages, pits were grouped according to their condition into three categories: blocked, partially blocked and clear (Deng et al. 2015) . Area of pits and pit density were determined by using Carnoy 2.0 software (Laboratory of Plant Systematics, Katholieke University, Leuven, Belgium).
Statistical analyses
Mean and standard error (SE) of replicate trees of each species at every sapwood depth were calculated for J s , k s , vessel density, lumen diameter, area of pits and pit density. Stand water use was determined using individual tree forest structural data from three 10 m × 10 m plots of each species to sum individual tree water use. Mean and standard error of three plot replicates of each species were calculated for stand water use. Nonlinear regressions were used to establish the relationship between sapwood depth and J s (%). Linear regressions were used to establish the relationship between J s and k s . Differences among J s (%), k s , vessel density, vessel lumen diameter, pit area and pit density were assessed by applying analysis of variance followed by the least significant difference test. Differences in stand water use, pit area and pit density between species were determined with independent t-test. Differences in pit condition were determined with Kruskal-Wallis test and Mann-Whitney test. Statistical significance was defined as P < 0.05. All statistical analyses were performed using SPSS, version 19.0 (SPSS Inc. an IBM Company, Chicago, IL, USA).
Results
Radial sap flow density profiles and stand water use
Diurnal J s at different depths of two Sonneratia species (J s + 1 SE) is shown in Figure 1 , where J s varied among different depths of sapwood during the course of daylight hours. For both species, similar diurnal J s , was found between outer and inner xylem, where the highest J s appeared in both at~13:00 h. Average J s from 10:00 to 15:00 h for three sunny days was used to represent J s at corresponding sapwood. The J s of both trees was low before 10:00 and after 15:00 h. For radial sap flow density profiles, J s of both Sonneratia species was shown to significantly decrease from the outermost to innermost sapwood (Figures 1 and 2A and B) . However, no significant difference of J s was observed between depths of 15 mm and 50 mm in S. apetala, while J s decreased significantly from depths of 15 mm to 50 mm in S. caseolaris. The J s at a depth of 50 mm was extremely low in S. caseolaris (averaged 2% of flow at 15 mm). Sonneratia apetala stand had daily mean water use of 10.2 mm day -1 compared with 4.9 mm day −1 for S. caseolaris (Figure 3 ). When SWU was calculated based on the measurement of J s only at the outmost sapwood,~5.6 mm day −1 and 2.5 mm day −1 of water use were overestimated for S. apetala and S. caseolaris, respectively (Figure 3 ).
Sapwood anatomical characteristics
The mean vessel lumen diameters at different depths were between 55.7 and 69.4 μm for S. apetala and between 62.4 and 83.0 μm for S. caseolaris. Figure 2D and H), while vessel density increased ( Figure 2F ). These three traits changed erratically across the radius in S. apetala ( Figure 2C , E and G). No significant difference in k s , vessel lumen diameter and vessel density was noted among different sapwood depths in either species ( Figure 2C-H) . For both species, no extractive had accumulated in the center of vessels, but occasional deposits of the interior cell wall were noted, and blocked pits in the cell wall. SEM photographs of different pit blockage conditions in both species are shown in Figure 4 . Blockage condition of pits, pit area and pit density at different depths of the two species are, respectively, shown in Figure 5A , B, D, E, G and H; yet, no specific tendency of these parameters was found from outer to inner sapwood in either species. Over 70% of pits were blocked for both species ( Figure 5C ). Tree Physiology Online at http://www.treephys.oxfordjournals.org
Significant differences in the condition of pit blockage, pit area and pit density were noted between the two species ( Figure 5C , F and I).
Discussion
Radial patterns of J s in mangrove trees
For both Sonneratia species, J s decreased significantly from the outermost to the innermost sapwood. Radial variation of J s occurred along with transpiration at~07:00 h in both species, and these patterns did not change diurnally when trees transpired (Figure 1 ). This may indicate that all sapwood at different depths remained hydroactive during the daylight hours and that radial patterns of J s were continuous for both species. Compared with other mangrove trees in previous studies, J s at outer sapwood (at 15 mm depth) of S. ) (Yan et al. 2016 ). These results suggest that both studied Sonneratia species have better water-use regimes than other mangrove species, such as K. obovata and Figure 3 . Stand water use (SWU) (+1 SE) and overestimated stand water use (+1 SE) if radial profiles of sap flow are not considered and only the outermost J s is used to estimate water use of S. apetala and S. caseolaris stands. Different letters represent significant differences of SWU between the two speices. Figure 2 . Percent attenuation in sap flow density (J s ± 1 SE) (A and B), specific conductivity (C and D), vessel density (E and F) and vessel lumen diameter (G and H) with radial sapwood depth in S. apetala and S. caseolaris. Average J s was the average sap flow density for 15 min measurements from 10:00 to 15:00 h for three sunny days. Different letters represent significant differences.
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Recalling the five types of radial patterns proposed by Gartner and Meinzer (2005) , the two Sonneratia species belong to two different types, even though they belong to the same genus. The radial pattern of J s in S. apetala belongs to the decreasing pattern, while that of S. caseolaris belongs to the sharply decreasing type. Comparing the radial profiles of J s of these two species and other mangrove trees with similar DBH in a previous study (Krauss et al. 2007 ), we found similar patterns of decreasing J s in S. apetala and A. germinans trees, while the steeply decreasing pattern occurred in S. caseolaris, L. racemosa and R. mangle trees (Figure 6 ). The relationship between sapwood depth and J s (%) was significant in S. apetala, S. caseolaris, A. germinans and L. racemosa, but not in R. mangle (Figure 6 ). From 15 mm to 50 mm in depth, J s remained high in S. apetala (more than 53% of the highest flow), but in S. caseolaris, J s was low at the depth of 50 mm (average of 13% of the highest flow), suggesting a greater percentage of active sapwood area for water transport of S. apetala trees when compared with S. caseolaris trees of the same age. From such comparisons, we can also speculate that S. apetala trees have a better water-use regime for managing severe water deficit in highly saline and tidal flooded coastal areas.
Wood structure and blockage associated with radial patterns of J s Specific hydraulic conductivity (k s ), which is calculated by using the observed vessel diameter and vessel density (HagenPoiseuille's law), is widely applied to model xylem water transport (Tyree and Ewers 1991). The k s can explain radial variation of J s in Q. glauca, A. excelsum, S. morototoni and C. alliodora trees (James et al. 2003 , Tateishi et al. 2008 ), but not in O. europaea trees (López-Bernal et al. 2010 ). In our study, k s decreased from outer to inner sapwood in S. caseolaris, which can be attributed to the decrease of lumen diameter radially. To some extent, decrease in k s can explain sap flow attenuation, but as shown in Figure 2B and D, attenuation of J s was significant, while attenuation of k s was not. Therefore, other factors must have contributed to variations in radial patterns of sap flow besides k s . Sap flow attenuation did not related to variation in k s in the two studied species (Figure 7 ), but James et al. (2003) did report a strong relationship between J s and k s in A. excelsum, S. morototoni and C. alliodora. Different results from different studies also showed that the influence of k s on variation of sap flow was highly species-specific.
As wood grows, wood structure characteristics may change, which can differ greatly from one growth ring to another in juvenile wood (Senft et al. 1985) , but remain relatively consistent in mature wood (Gartner and Meinzer 2005) . In our study, wood Tree Physiology Online at http://www.treephys.oxfordjournals.org structure characteristics among different sapwood depths in both species did not significantly change radially ( Figure 2C-H) . This is common in diffuse-porous trees because they generally have constant pith-to-bark wood structure characteristics (Gartner and Meinzer 2005) .
Vessels become dysfunctional owing to accumulation of extractives and/or air (emboli) (Gartner and Meinzer 2005) . Extractives are nonstructural compounds that accumulate in wood (Taylor et al. 2002) . In the present study, no extractive had accumulated in the center of vessels, but occasional deposits were noted in the inside cell wall, indicating that the extractives did not directly obstruct axial water transport in vessels, but did influence radial water transport by blocking pits in the cell wall. Meanwhile, S. apetala and S. caseolaris trees both have vestured pits. Vestures along with extractives can increase radial resistance to water flow between vessels, but decrease the chance of air seeding (Choat et al. 2004 , Lens et al. 2013 . Leaking of air from pits causes cavitation/ embolism in vessels (Crombie et al. 1985 , Tyree and Zimmermann 2002 , Choat et al. 2008 , Lens et al. 2013 ). In our study, J s attenuated from outer sapwood to inner sapwood in both species (Figure 2A and B) . If we assume that radial attenuation was caused by embolism through air seeding from pits, then we could attribute sapwood with higher J s to more blockages in pits, lower pit density and lower pit area to prevent air seeding. However, blockages in pits did not show any specific tendency between depths in either species ( Figure 5A , B, D, E, G and H). Therefore, we speculated that embolism caused by air seeding from pits did not affect radial variation in the two study species. Nonetheless, more than 70% of pits were blocked in both species ( Figure 5C ), indicating high radial resistance in sapwood in both species. High radial resistance to lateral water flow in stem xylem can result in trees having most of the flow in the outer sapwood in some trees (Gartner and Meinzer Figure 5 . Pit condition at different radial depths of S. apetala (A), S. caseolaris (B) and the two species (C). Pit areas at different radial depths of S. apetala (D), S. caseolaris (E) and the two species (F). Pit density at different radial depths of S. apetala (G), S. caseolaris (H) and the two species (I). Different letters represent significant differences.
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2005, Cohen et al. 2012) , thus explaining radial attenuation of J s in both species. Furthermore, blockages in pits, pit density and pit area differed significantly between the two species (Figure 5 C, F and I). More pits blocked, lower pit density and lower pit area of S. caseolaris suggested that radial resistance was higher in S. caseolaris than in S. apetala. The result suggested that it was the higher radial resistance in S. caseolaris that caused a steeper decline in J s radially across its sapwood compared with S. apetala.
In tracheids, pits are the major pathway for both lateral and axial water flow. Mark and Crews (1973) compared pit conditions to corresponding J s of tracheids in xylem of conifers and suggested that the profile of radial J s could be explained by pit condition in conifers. In vessels, pits permit lateral water flow between vessels. Ours is the first report to show how pit characteristics influence actual patterns of water flow in vessels.
Estimation of stand water use in mangrove
Upscaling J s to stand water use without investigating radial profile of sap flow could result in large overestimation in both species by~55% and 51% of stand water in S. apetala and S. caseolaris, respectively (Figure 3) . Thus, if outermost J s were used to represent J s at all depths, the corresponding average discrepancies in stand water use of S. apetala and S. caseolaris would respectively be 5.6 mm day −1 and 2.5 mm day −1 . Previous studies also reported that daily water use in P. taeda could be overestimated by 154% and stand water use in P. pinaster by 4-47% in the absence of calculating radial patterns of J s (Delzon et al. 2004 , Ford et al. 2004 ). However, Berdanier et al. (2016) reported that more than half of studies (~58% in recent years) still ignored radial variation of sap flow and assumed homogeneous flow across the sapwood when estimating water use. Overestimation of water use could also lead to a misunderstanding of the water physiology of plants, faulty evaluation of a plant's role in regional water budgeting and overestimation of plant carbon uptake since water use is helpful in estimating carbon uptake (Hu et al. 2010 , Wang et al. 2013 .
Considering the radial profile of sap flux in the present study, significant difference of stand water use occurred between the two species. Stand water use of S. apetala was twice as much as that of S. caseolaris (Figure 3 ). Larger basal area and lower level of attenuation in radial J s of S. apetala over that of S. caseolaris contributed to higher water use of S. apetala compared with S. caseolaris, indicating that S. apetala had a greater influence on budgeting local area water.
Although this study did not directly measure stand fluxes independently, our results suggest~50% difference could arise due to the impact of radial fluxes. For a better understanding of water fluxes in mangrove ecosystems, further research is required with regard to consideration of coupling sap flow measurement with eddy flux towers to make evaluations of the contribution of stand water use to evapotranspiration (Krauss et al. 2015) . Some complementary studies are also encouraged to carry out a calibration process for the Granier type thermal dissipation probe in order to increase the accuracy in estimating stand water use (Bush et al. 2010) .
Conclusions
We present an in situ axial sap flow density measurement with micromorphological observations of xylem characteristics of two Sonneratia mangrove forests. We found that radial patterns of J s were influenced by both wood structure and blockages. Sonneratia caseolaris had more blockages in pits with lower pit density and lower pit area than S. apetala, which led to higher Tree Physiology Online at http://www.treephys.oxfordjournals.org resistance to lateral water flow in radial water transport, consequently causing a steeper decline in J s radially across sapwood. A greater percentage of sapwood area remained hydroactive in S. apetala stems, which led to a better water-use regime compared with S. caseolaris. About 55% and 51% of stand water use could be overestimated in S. apetala and S. caseolaris, respectively, if radial profiles of sap flow are considered and only the outermost J s is used to estimate water use. Thus, S. apetala in the study site had higher stand water use than S. caseolaris of the same age, indicating a greater contribution of S. apetala to local water balance than S. caseolaris. The radial patterns of sap flow varied and were species-specific owing to the complicated and comprehensive factors that influenced radial J s patterns. Further studies are required to both understand the hydraulic links between radial variation of sap flux density and the behavior of leaf level/canopy level gas exchange. Apart from water physiology purposes, our approach could also be used to assess regional plant carbon uptake as a result of the strong coupling of plant water use and carbon assimilation.
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